The eŠects of jasmonic acid (JA) on secondary metabolism in barley ( Hordeum vulgare L.) were investigated. A reversed-phase HPLC analysis revealed that the amount of a particular compound increased in excised barley leaf segments that had been treated with JA. This compound was puriˆed and identiˆed as 6? !-feruloylsaponarin (1) by spectroscopic analyses and alkaline hydrolysis. A related compound, 6? !-sinapoylsaponarin (2), was also found to accumulate in excised leaves independently of the JA treatment. The accumulation of these compounds was accompanied by a decrease in the saponarin (3) content. [8,9-13 C] p-Coumaric acid and [2,3,4,5,6-2 H]L-phenylalanine were eŠectively incorporated into the hydroxycinnamoyl moieties in 1 and 2, while the degree of incorporation of the labeled precursors into the saponarin part was small. Theseˆndings indicate that the hydroxycinnamoyl moieties of 1 and 2 are synthesized de novo from phenylalanine via the phenylpropanoid pathway, and that the saponarin part is mainly provided by the constitutive pool of 3.
The eŠects of jasmonic acid (JA) on secondary metabolism in barley ( Hordeum vulgare L.) were investigated. A reversed-phase HPLC analysis revealed that the amount of a particular compound increased in excised barley leaf segments that had been treated with JA. This compound was puriˆed and identiˆed as 6? !-feruloylsaponarin (1) by spectroscopic analyses and alkaline hydrolysis. A related compound, 6? !-sinapoylsaponarin (2), was also found to accumulate in excised leaves independently of the JA treatment. The accumulation of these compounds was accompanied by a decrease in the saponarin (3) content. [8, [9] [10] [11] [12] [13] C] p-Coumaric acid and [2,3,4,5,6-2 H]L-phenylalanine were eŠectively incorporated into the hydroxycinnamoyl moieties in 1 and 2, while the degree of incorporation of the labeled precursors into the saponarin part was small. Theseˆndings indicate that the hydroxycinnamoyl moieties of 1 and 2 are synthesized de novo from phenylalanine via the phenylpropanoid pathway, and that the saponarin part is mainly provided by the constitutive pool of 3.
Key words: Holdeum vulgare; Gramineae; barley; jasmonic acid; hydroxycinnamoylsaponarin Plants respond to environmental stress by various defensive reactions. Among these reactions, the accumulation of secondary metabolites is considered to play important roles such as preventing infection by pathogens and feeding by herbivores. It has been demonstrated in numerous plants and cell cultures that jasmonic acid (JA) W methyl jasmonate (MeJA) triggeres the accumulation of the secondary metabolites. [1] [2] [3] [4] Based on the increase in endogenous JA in stressed plants and the inhibition of stress-induced reactions by inhibitors of JA biosynthesis, JA has been suggested to act as a signal mediator of various types of stress to physiological responses, including the accumulation of secondary metabolites. [5] [6] [7] In barley, JA has been shown to have the activity to induce protein (jasmonate-induced proteins: JIPs) synthesis 8) and gene (jasmonate responsive genes: jrgs) expression. 9) As some JIPs and jrg products are also induced by abscisic acid (ABA) and osmolytes, they have been suggested to operate in response to osmotic stress.
10) The functions of some JIPs [11] [12] [13] and jrg products 9, 14) have been suggested, although the physiological signiˆcance of the accumulation of these proteins has not been conclusively demonstrated. The accumulation of low-molecular-weight compounds is also induced by a JA treatment in barley. 15, 16) JA-inducible compounds include hydroxycinnamic acid amides such as p-coumaroylagmatine, p-coumaroylputrescine, and p-coumaroyl-3-hydroxyagmatine, and the aromatic amino acid, tryptophan. As these compounds also accumulated in seedlings that had been infected with pathogens or in leaves treated with osmolytes, it is likely that the induction of these compounds is part of the defense reaction against such stress. 17, 18) In the present study, we found a JA-induced ‰avone derivative, in addition to hydroxycinnamic acid amides and tryptophan. In addition, to elucidate the biochemical basis for induction, feeding experiments on barley leaves with putative precursors of the JA-induced compounds were carried out. The accumulation of secondary metabolites is considered to be one of theˆ-nal consequences of the biochemical changes induced by JA. The results of this investigation of the eŠects of JA on secondary metabolism may provide greater insight into the physiological signiˆcance of the induction of new proteins and the activation of gene expression.
Materials and Methods
General. NMR spectra were recorded by a JEOL JNM-AL400 instrument, using TMS as an internal standard. Positive ion-spray ionization mass spectra were obtained with a Perkin-Elmer-Sciex API-165 instrument (ion-spray voltage, 5 kV; oriˆce voltage, 30 V; nebulizer gas, air; curtain gas, nitrogen) combined with a Shimadzu 10A HPLC system equipped with an ODS column (Wakosil-II 5C18 HG, 150 mm ×4.6 mm i.d., Wako Pure Chemical Industry, Osaka, Japan).
Plant material and analysis of the secondary metabolites. Barley ( Hordeum vulgare L. cv. Wasedori, Yukijirusi Shubyo, Sapporo, Japan) seeds were soaked in distilled H2O for 24 h to facilitate germination. The soaked seeds were then sown in wet vermiculite and maintained in a growth chamber at 209 C for 6 days under continuous artiˆcial light (15 W m "2 ). Barley leaf segments were treated with JA and other chemicals as previously described. 16) After incubating for an appropriate period of time, the leaf segments were extracted with 10 19) Saponarin (3) and penta-N-acetylchitopentaose were purchased from Funakoshi, Tokyo, and Seikagaku Kogyo, Tokyo, respectively. The other chemicals were obtained from Wako Pure Chemical Industry, Osaka.
Puriˆcation of 6? !-feruloylsaponarin (1) and 6? !-sinapoylsaponarin (2) from barley leaves. Barley leaf segments (ca. 200 g) that had been treated with 100 mM JA for 48 h were extracted with 2 l of MeOH for 24 h. Afterˆltration, the extract was concentrated in vacuo to around 200 ml. The solution was washed with n-hexane, and then evaporated to dryness. The residue was dissolved in H2O, the resulting solution being fractionated on an ODS column (Cosmosil 75C18-OPN, Nacalai Tesque, Kyoto, Japan) equilibrated with H2O by stepwise elution with H2O, MeOH-H2O (3:7), MeOH-H2O (1:1) and MeOH. The induced compounds were eluted in the MeOH-H2O (1:1) fraction. This fraction was concentrated and subjected to preparative reversedphase HPLC (column, Wakosil II 5C18 HG, 250× 20 mm i.d.; solvent, 45z MeOH W 55z H2O containing 0.5z TFA; ‰ow rate, 6 ml W min; detection, 320 nm) to give compounds 1 (64.0 mg) and 2 (37.0 mg).
Alkaline hydrolysis of 1 and 2. Puriˆed 1 (1.0 mg) dissolved in MeOH (0.5 ml) was added to 2 N NaOH (2 ml), and the mixture was incubated for 4 h at 609 C. After neutralizing the reaction mixture with 6 N HCl, the hydrolysate was analyzed by reversedphase HPLC combined with photodiode array detection (Shimadzu SPD-M 10Avp) and positive ionspray mass spectrometry. The HPLC conditions were the same as those described for the analysis of secondary metabolites in the crude extracts. Two compounds, ferulic acid and 3, were identiˆed in the reaction mixture by comparing the UV and ion-spray mass spectra and HPLC retention time with those of authentic compounds. The retention times of 3 and ferulic acid were 7.4 and 11.3 min, respectively. Compound 2 was similarly subjected to alkaline hydrolysis to give sinapic acid (retention time, 12.0 min) and 3.
Feeding of [8,9- 13 C] p-coumaric acid and
The lower epidermis of 7-day-old barley leaves was peeled oŠ, and 5-cm segments taken 1-6 cm from the leaf tip. Ten leaf segments (550 mg FW) were ‰oated on 10 ml of a 100 mM JA solution containing labeled compounds at 1 mM. After incubating for 24 h at 209 C, the leaf segments were extracted with 10 volumes of MeOH. After adding 0.2 ml of H2O to a 0.8-ml aliquot of the extract, the solution was passed through a Sep-pak plus C18 cartridge (Waters) equilibrated with 80z MeOH. The eluate was evaporated to dryness, and the residue was dissolved in 2 ml of 20z MeOH. The resulting solution was applied to a Sep-pak plus C18 cartridge equilibrated with 20z MeOH. After washing the cartridge with 20z MeOH, the compounds were eluted with 5 ml of 80z MeOH. The 80z MeOH fraction containing 1 and 2 was concentrated to dryness in vacuo, and the residue was dissolved in 200 ml of 50z MeOH. The solution was subjected to ion-spray LC W MS analyses. The scanning mass range was set to M"1-M+9 to measure [M+H] + ion abundance. Percentages of 1 and 2 containing stable isotopes were calculated from the ion intensity in the [M+H] + ion region, taking into consideration the natural abundance of 13 C and 18 O.
Results

Identiˆcation of 1 and 2
The eŠects of treating with JA on the secondary metabolism in primary leaves of barley were investigated by using 6-day-old seedlings. After a 48-h treatment, the leaf segments were extracted with MeOH, and the extract was analyzed by reversed-phase Barley leaf segments were treated with distilled water (unˆlled symbols) or JA (ˆlled symbols), and extracted with methanol. Compounds 1 (circles), 2 (squares) and 3 (triangles) were quantiˆed by a reversed-phase HPLC analysis. Each data point represents the mean ±SD of three experiments.
HPLC. In addition to increases in the levels of hydroxycinnamic acid amides and tryptophan that have been previously reported, 15, 16) an increase in the amount of compound 1 was found in the extract from leaves treated with 100 mM JA in comparison with the control leaves. Compound 1 was puriˆed from primary leaves that had been treated with 100 mM JA for 48 h by two steps of chromatography, before being subjected to spectroscopic analyses and alkaline hydrolysis. The molecular weight of 1 was determined to be 770 by the protonated molecule at m W z 771 ( [M+H] + ) that was observed on positive ion-spray MS. Alkaline hydrolysis of 1 gave ferulic acid and 3. The 1 H-and 13 C-NMR, and UV spectra of 1 were identical to the reported spectra of 6? !-feruloylsaponarin (Fer-Sap). 20) Based on these observations, 1 was identiˆed as 6? !-feruloylsaponarin.
The amount of compound 2 that was eluted slightly earlier than 1 was also higher in the control and JA-treated leaves than in the leaves before treatment. The amount of 2 in the JA-treated leaves was similar to that in the control leaves. The molecular weight of 2 was determined to be 800 by ion-spray MS, and 2 showed NMR signals identical to those in the reported spectra of 6? !-sinapoylsaponarin (Sin-Sap). 20) Alkaline hydrolysis of 2 gave sinapic acid and 3, indicating that 2 was 6? !-sinapoylsaponarin.
Induction of the accumulation of 1 and 2
The time-course characteristics of the accumulation of 1 and 2 were investigated after the treatment with 100 mM JA (Fig. 1(A) ). Compounds 1 and 2 were present in substantial amounts before the treatment. In the leaves treated with JA, the amount of compound 1 increased and reached a maximum 48 h after the treatment (1.1 mmol W g FW), thereafter decreasing to around 75z of the maximum by 96 h. On the other hand, the amount of 1 remained almost unchanged throughout the experimental period (up to 96 h) in the control leaves. Increased amounts of 2 were observed in both the JA-treated and control leaves, although the kinetics were somewhat diŠer-ent. As no increase in the amount of 2 was detected in the intact leaves, the increase of 2 may have been due to wounding stress from the treatment.
The changes in amounts of 3 were also monitored ( Fig. 1(B) ). The amount of saponarin in the JA-treated leaves decreased slightly 12 h after the treatment, and then decreased sharply to around 30z of the initial level. The total increase in the amounts of 1 and 2 (1.25 mmol W g FW) was comparable to the decrease in the amount of 3 (1.55 mmol W g FW) 48 h after the treatment with JA, at which time the amount of 1 reached the maximum. A slight decrease in the level of 3 was observed in the control leaves. Figure 2 shows the dependence of the accumulation of 1 and 2 on the concentrations of JA and MeJA, the amounts of 1 and 2 being determined 48 h after the treatment. An increased accumulation of 1 was observed even in the leaves that had been treated with 10 mM JA, this accumulation showing saturation at around 100 mM. The MeJA concentration that in- Barley leaf segments were ‰oated on solutions containing various chemicals. After 48 hr of incubaton, the leaf segments were extracted, and the extract analyzed by reversed-phase HPLC. Each data point represents the mean±SD of three experiments. duced an increase in the level of 1 was lower than that of JA; the accumulation of 1 showed saturation at around 50 mM MeJA. The accumulation of 2 was rather suppressed by the treatment with JA and MeJA at high concentrations. The decrease in 3 was also dependent on the concentrations of JA and MeJA, the amount of 3 almost reaching a minimum at 100 mM JA, while it decreased with increasing concentration of MeJA up to 250 mM.
The accumulation of possible precursors of 1-3, cinnamic, p-coumaric, caŠeic, ferulic and sinapic acids, and apigenin was investigated in the intact leaves and 100 mM JA-treated leaves after 48 h of incubation. However, these compounds were not detected in either the intact or JA-treated leaves.
EŠects of various chemicals on the accumulation of 1 and 2
As the accumulation of hydroxycinnamic acid amides and tryptophan was induced by treating with ABA or osmolytes, the eŠects of these compounds on the contents of 1 and 2 were examined. The potent elicitor, penta-N-acetylchitopentaose, was also included in the analysis, because oligo-N-acetylchitooligosaccharides are eŠective elicitors of phytoalexin production in other gramineous plant systems. 2, 21) The contents of 1 and 2 were measured after 48 h of incubation. Among the compounds tested, only jasmonic acid induced an accumulation of 1, whereas the other chemicals showed no activity (Fig. 3) . None of the agents tested induced any accumulation of 2, and treatment with ABA (100 mM), glucose (1 M), or sorbitol (1 M) showed an inhibitory eŠect.
Administration of the labeled precursors
To investigate the biochemical basis for the accumulation of 1 and 2, barley leaf segments were fed with [8,9- 13 C] p-coumaric acid that had been synthesized from [ 13 C3]malonate and 4-hydroxybenzaldehyde. Barley leaf segments were incubated for 24 h with 100 mM JA in the presence of 1 mM [8,9- 13 C] pcoumaric acid, before being extracted with MeOH. The extract was analyzed by positive ion-spray LC W MS. p-Coumaric acid can be incorporated into both the hydroxycinnamoyl moieties and saponarin parts of 1 and 2. Compounds 1 and 2 incorporating one molecule of exogenously applied [8,9- 13 C] p-coumaric acid would give the protonated molecule [M+H+2] + . Based on the observed ion intensity of the protonated molecule species, the percentage of 1 that incorporated one molecule of labeled p-coumaric acid was calculated to be 18.1z of the total amount of 1, while 1 that incorporated two molecules of labeled p-coumaric acid was hardly detectable (Table 1 ). The percentage of 1 that incorporated pcoumaric acid into the feruloyl moiety, which could be estimated from the distribution of ion intensity in the fragment ion derived from the feruloyl moiety ([M"C27H29O15] + ), was 14.5z, indicating that the majority of the incorporated 13 C atoms were located in the feruloyl moiety of 1. A similar labeling pattern was observed for 2; the amount of the compound that contained exogenously applied 13 C atoms in the saponarin part was only a small percentage of the amount that incorporated labeled p-coumaric acid.
As both the hydroxycinnamoyl moieties and saponarin part are biosynthesized from L-phenylalanine via the phenylpropanoid pathway, the incorporation of [2,3,4,5,6- 2 H]L-phenylalanine was also investigated (Table 2) . Compound 1 incorporating exogenously applied labeled L-phenylalanine into the feruloyl moiety (Fer*-Sap) would give the protonated molecule at m W z 774, whereas 1 containing the saponarin part derived from the labeled compound (Fer-Sap*) would give the protonated molecule at m W z 775. In addition, 1 containing both the feruloyl moiety and saponarin part derived from labeled Lphenylalanine (Fer * -Sap * ) would give the protonated molecule at m W z 778. On the basis of the distribution of these ion species, the percentage of 1 incorporating exogenously applied [2,3,4,5,6- 2 H]L-phenylalanine in each part of the molecule was calculated. A large potion of compound 1 contained the labeled feruloyl moiety (47.3z), while the percentage of 1 containing saponarin bearing four deuterium atoms was small (2.9z). The percentage of 1 that incorporated phenylalanine into the feruloyl moiety (47.3z +7.7z) was comparable to the percentage estimated from the fragment ion region (54.0z). The labeling pattern of 2 was qualitatively the same as that observed for 1; labeled phenylalanine was eŠectively incorporated into the sinapoyl moiety, whereas the degree of incorporation into the saponarin part was small. Theseˆndings indicate that the hydroxycinnamoyl moieties of accumulated 1 and 2 originate from L-phenylalanine.
Discussion
We found in the present study that an exogenous application of JA triggered accumulation of 1 in barley leaf segments. In addition, 2 was also found to accumulate in excised segments, although the accumulation of 2 seemed to be suppressed by the treatment with JA in the latter part of the experimental period. Compound 3 is the major secondary metabolite in young barley seedlings. 22) It has been suggested that 3 functions to protect the plants from damaging UV radiation, based on theˆnding that 3, being the major ‰avone of barley primary leaves, responds to UV-B radiation with a 30z increase in its content. 23) Compounds 1 and 2 have been identiˆed as minor ‰a-vones in barley seedlings, and have been demonstrated to posses stronger anti-oxidative eŠects than 3, 20) although the behavior of these compounds in stress response has not been investigated. The accumulation of 1 induced by JA may have a role in scavenging toxic oxygen radicals generated in stressed plant tissues.
The increases in levels of 1 and 2 were accompanied by a decrease in 3 in the JA-treated leaves. The accompanying decrease of 3 was also observed in control leaves that had accumulated 2. Radiolabeled L-phenylalanine has been demonstrated to be eŠec-tively incorporated into 3 in 90-h-old seedlings of barley in which the biosynthesis of 3 had been activated by light. 24) In our experiments, the percentages of compounds 1 and 2 that incorporated [8,9- 13 C] pcoumaric acid and [2,3,4,5,6- 2 H]L-phenylalanine into the saponarin part were low. Therefore, the saponarin part is probably derived from the constitutive pool of 3, although activation of the biosynthesis of 3 cannot be excluded. On the other hand, stable isotope-labeled p-coumaric acid and L-phenylalanine were e‹ciently incorporated into the hydroxycinnamoyl moieties of accumulated 1 and 2, indicating that the hydroxycinnamoyl moieties are synthesized de novo from L-phenylalanine via the phenylpropanoid pathway.
In the feeding experiments with labeled phenylalanine, the percentages of compounds 1 and 2 that incorporated deuterium atoms into both the hydroxycinnamoyl moieties and saponarin part were higher than the percentages that incorporated labeled phenylalanine only into the saponarin part. If the hydroxycinnamoyl moieties derived from labeled phenylalanine had been introduced into 3 without discrimination between labeled and unlabeled 3, the ratio of Fer-Sap * to Fer * -Sap * would be expected to be close to that of Fer-Sap to Fer*-Sap. This estimate is also applicable to 2. This apparent discrepancy can be explained by taking the constitutive occurrence of 1 and 2 into consideration. As shown in Fig. 1 , signiˆcant amounts of 1 and 2 that contained no labeled hydroxycinnamoyl moieties were present before the treatment. Accordingly, the ratio of newly synthesized Fer-Sap (Sin-Sap) to Fer*-Sap (Sin*-Sap) corresponds to the ratio of Fer-Sap* (Sin-Sap*) to Fer*-Sap * (Sin * -Sap * ). Since the turnover of these conjugated ‰avonoids is slow, 25) it is reasonable for a large proportion of 1 and 2 that had been present before treatment to have remained intact until the leaves were extracted.
JA and MeJA have been shown in barley to induce the accumulation of JIPs 8) and the expression of jrgs.
9) The expression of jrg1 and the genes encoding JIP23, JIP37 and JIP 66 was triggered by the application of exogenous JA and by the treatment with osmotica that led to elevation of the endogenous JA level. 10) On the other hand, the expression of jrg5, jrg10 and jrg12 was induced by exogenous JA, but these were not responsive to elevation of the endogenous JA level. 9) This diŠerence can be explained by the existence of two jasmonate-signaling pathways. 26, 27) Exogenously applied JA may be recognized by a plasma membrane receptor, while endogenous jasmonate may be recognized by an intracellular receptor. Each signal transduction cascade may therefore lead to the expression of distinct genes. The accumulation of 1 was not induced by treatment with osmotica, similarly to the expression of jrg5, jrg10 and jrg12. The enzymes involved in the accumulation of 1 are probably under similar regulation to these genes. On the other hand, the enzymes responsible for the biosynthesis of hydroxycinnamic acid amides that are induced by the ABA treatment and osmotic stress as well as by the JA treatment seem to be under similar control to the expression of jrg1 and genes encoding JIP23, JIP37 and JIP 66. In this context, it is interesting that jrg5 and jrg10 respectively encode a caŠeic acid methytransferase homologue and a chalcone synthase homologue, 9, 14) which are likely to be involved in the biosynthesis of 1.
